abbreviations AP = anteroposterior; BAEP = brainstem auditory evoked potential; CM = Chiari malformation; CM-0 = CM Type 0; CM-1 = CM Type 1; CM-1.5 = CM Type 1.5; CVJ = craniovertebral junction; EP = evoked potential; FM = foramen magnum; IPL = interpeak latency; MN = median nerve; PF = posterior fossa; PFR = PF reconstruction; PTN = posterior tibial nerve; SCR = syringo-cord ratio; SSEP = somatosensory evoked potential; VB = vertebral body. obJective In this study, the authors describe the brainstem auditory evoked potential (BAEP) and somatosensory evoked potential (SSEP) alterations found in a large cohort of patients with Chiari malformation Type 1 (CM-1), the relationship between the BAEPs/SSEPs and the clinical findings, the abnormalities in patients with associated syringomyelia, and the clinical and neuroradiological risk factors that are associated with abnormal evoked potentials (EPs). methods A prospectively collected database containing 545 patients with CM-1 was queried to search for patients satisfying the following criteria: 1) an age of at least 14 years, 2) neuroradiological criteria of CM-1, 3) no prior Chiarirelated surgeries, and 4) preoperative EP studies conducted at the authors' institution. The 200 patients included in this cohort were classified into CM-0, CM-1, and CM-1.5 subtypes. Linear, planimetric, and angular measurements of the posterior fossa were conducted, as well as syringomyelia measurements. Two separate multiple logistic regression models were used, one to predict the covariates associated with abnormal BAEPs, and a second model to explore the variables associated with an abnormal SSEP. In these models, the BAEPs and SSEPs were dichotomized as being normal or abnormal. resUlts Headaches were the main symptom in 70.5% of the patients, and Valsalva-induced headaches were most frequent in patients with CM-1 and CM-1.5 compared with patients with CM-0 (p = 0.031). BAEPs were abnormal in 38.5% of patients, and abnormal SSEPs were found in 43.5% of the entire cohort. Syringomyelia was most frequent in patients with CM-0 (64.3%) and CM-1 (51.1%) compared with those with CM-1.5 (34.7%; p = 0.03). Age (OR 1.03, 95% CI 1.00-1.06), the degree of tonsillar herniation (OR 1.08, 95% CI 1.01-1.16), and lower cranial nerve dysfunction (OR 3.99, 95% CI 1.29-14.01) had a statistically significant correlation with abnormal BAEPs. Only age (OR 1.07, 95% CI 1.04-1.10) and the degree of tonsillar herniation (OR 1.11, 95% CI 1.04-1.19) had a statistically significant correlation with abnormal SSEPs. conclUsions A high percentage of patients with CM-1 exhibited EP alterations regardless of their clinical or radiological findings. These findings suggest that EPs do not add any clinically relevant information nor are they helpful in establishing which symptomatic patients with CM should undergo surgical treatment. However, BAEP and SSEP studies clearly play an important role in incidentally detected patients with CM and may help to establish objective evidence of subclinical dysfunctions. In addition, neurophysiological studies may help to define subgroups of patients who require further testing and follow-up to personalize strategies for the management of incidental and oligosymptomatic patients.
T he term Chiari malformation (CM) defines a group of neurodevelopmental disorders that share a variable hindbrain herniation below the foramen magnum (FM). Despite the fact that more than a century has passed since the original description of CM by the Austrian pathologist Hans Chiari in 1891, [11] [12] [13] the terminology of CM remains a source of considerable debate and confusion. Due to the secondary role that Arnold played in the original description, "Chiari malformation" is the most widely accepted eponym. 33 The diagnosis and treatment of CM has been strongly influenced by the neuroradiological criteria used for its diagnosis; its classification continues to be based on the original description of CM having 4 types. [11] [12] [13] CM Type 1 (CM-1) is defined as a variable descent of 1 or both cerebellar tonsils below the FM. Because most patients are referred for MRI in the workup for recurrent headaches, the initial detection is made by neuroradiologists who may use different tonsillar herniation cutoffs-3 and 5 mm are the most commonly used-for making a diagnosis. 4, 6, 7, 27, 29, 38, 41 These variable cutoffs result from several MRI studies that have analyzed the relative position of the cerebellar tonsils in healthy volunteers, patients with unrelated CM complaints, and symptomatic CM patients. Barkovich et al. had a dominant influence on defining CM-1 as a tonsillar herniation below the FM that was more than 3 mm measured on a T1-weighted midsagittal MR image. 4 However, different studies have shown that the degree of tonsillar herniation is not related to the severity of the symptoms and that syringomyelia, a finding that affects 30%-65% of patients with CM-1, 7, 28 is frequently observed in patients with minimal or no tonsillar herniation but with a crowded posterior fossa (PF). 6 It is accepted that classic CM-1 is a congenital disease characterized by autosomic dominant transmission. 43 The most frequent finding is a hypoplasia of the PF that induces a variable descent of the hindbrain below the FM. CM-1 has been a contentious subject in the last two decades because of the wide availability of MRI and its frequent incidental diagnosis both in adult and pediatric populations. Many patients are diagnosed incidentally or in very early stages of the disease; other patients are referred to a neurologist or neurosurgeon because of overt symptomatology or the existence of a spinal cord syrinx. One of the most controversial issues clinicians face is whether surgery is necessary in patients who are oligosymptomatic or asymptomatic and present with moderate to severe tonsillar herniation. Many of these patients present with significant alterations in sleep, a pattern of severe sleep apnea-hypopnea syndromes, and even respiratory failure. 7, 16 A second group to be concerned about is oligosymptomatic/asymptomatic patients with an incidentally detected syrinx. In this group, the degree of tonsillar herniation is a poor predictor of whether these patients will experience clinical progression and if the risk-to-benefit ratio of surgery is acceptable compared with the natural evolution of the disease.
The increased availability of high-field MRI has enabled detailed studies of many patients with CM-1. These studies have revealed that the traditional neuroradiological criteria do not correlate well with the more severe symptoms that patients with CM present with, such as syringomyelic syndrome and/or sleep apnea. 6, 7 In 1998, Iskandar et al. presented 5 pediatric patients with significant syringomyelia, a crowded PF, and no tonsillar herniation. 19 Some authors have used the term Chiari Type 0 (CM-0) to define this syndrome characterized by a reduced or absent cisterna magna as a surrogate measure of PF overcrowding. 6, 23, 26, 39 In addition, Tubbs et al. introduced the term CM Type-1.5 (CM-1.5) in 2004 to describe a subgroup of patients with CM-1 who, in addition to tonsillar herniation, also presented with caudal descent of the brainstem below the FM. 41 In the CM workup, brainstem auditory evoked potentials (BAEPs) and somatosensory evoked potentials (SSEPs) are useful but neglected methods to assist in decision-making. Evoked potential (EP) studies are not routinely conducted in these patients and their predictive values remain unknown. A few studies have described the findings of EP recordings in terms of their role in the diagnosis and follow-up of CM-1. However, with the exception of our preliminary report published elsewhere, 31 all studies to date have included fewer than 28 patients 32 and only 1 report conducted both BAEP and SSEP recordings in a single pediatric patient. 45 It is therefore quite clear that further studies with larger cohorts are needed. The purpose of this study was to describe the BAEP and SSEP alterations found in a large cohort of patients with classic CM-1 without significant ventral compression of the brainstem or basilar invagination, as well as their relationship to the clinical findings, their frequency in the different subtypes of CM (CM-0, CM-1, and CM-1.5), and the abnormalities in patients with associated syringomyelia. A second goal was to determine the risk factors that were associated with normal/abnormal EPs. Knowledge of these factors can help to define a subgroup of patients who require further testing and closer follow-up. In addition, identifiable risk factors may be useful for developing personalized strategies for the management and follow-up of incidentally detected and oligosymptomatic patients.
methods
All data were obtained at our institution, a large tertiary care setting with a referral pattern for CM and other congenital anomalies of the craniovertebral junction (CVJ) in both adults and children. In 2007, a research database was established to register all patients admitted to the Department of Neurosurgery of the Vall d'Hebron University Hospital for study or surgical treatment of these conditions. Data from patients treated from 1989 to 2005 were entered into the database retrospectively, and patients have been prospectively included since 2006. In this database, a core data set of clinical data and neuroradiological, neurophysiological, follow-up, and outcome measures was recorded by the 2 authors in charge of surgical treatment (M.A.P. and J.S.). Additional MRI measurements were performed retrospectively. The routine study protocol in this period was modified slightly but always included a structured anamnesis and neurological examination, cranial and spinal MRI, and CT scan of the CVJ with coronal, sagittal, and 3D reconstructions. In 1998, BAEPs and SSEPs were in-troduced into the routine workup, and whole-night polysomnography for the detection of covert sleep disorders was incorporated into the protocol in 2006. 16 In surgical candidates, a CT angiogram is also routinely conducted to detect arterial and venous abnormalities of the CVJ.
study population
A database containing 547 patients was queried to search for patients admitted from January 1, 2006, to December 31, 2014 . Inclusion criteria were the following: 1) patients over 14 years old; 2) neuroradiological criteria of CM-1; 3) no prior Chiari-related surgery; and 4) preoperative EP studies (BAEPs and SSEPs) conducted at the Department of Neurophysiology of our institution. CM-1 was diagnosed in cases of tonsillar herniation of at least 3 mm below the FM plane (basion-opisthion line; subtypes CM-1 and CM-1.5) or when patients had an absent cisterna magna, tonsillar herniation less than 3 mm, and/or associated syringomyelia (subtype CM-0).
We excluded all patients who presented with hindbrain herniation as a part of what we define as complex CVJ malformations. The complex CVJ malformation usually presents with tonsillar herniation and at least 3 of the following abnormalities: significant retroflexed odontoid, basilar invagination, platybasia, severe bone abnormalities in the C0-C2 complex, uni-or bilateral occipital condyle hypoplasia, atlantooccipital assimilation, and/or other abnormalities that condition an anterior compression of the cervicomedullary junction. All patients with CM-1 and concomitant diseases that may alter EP recordings-including deafness since childhood, severe neuropathy or other associated CNS diseases such as demyelinating disease, tumors, etc.-were also excluded. The study received institutional review board approval.
CM Classification
Although most patients included in our cohort could be considered to have classic CM-1, for the purposes of this study we divided the entire cohort into the categories suggested by Tubbs et al. 40 In this classification (CM-0, CM-1, and CM-1.5) we introduced a minor modification in the threshold used to separate CM-0 from CM-1. We used the cutoff of 3 mm and not the 5 mm proposed by Tubbs et al. 40 The rationale for this modification is explained in the discussion. Examples of the 3 types of patients are shown in Fig. 1 .
morphometric parameters in neuroimaging studies
All patients underwent complete neuroradiological studies available directly from our Picture Archiving and Communication System. These were in DICOM format or in digitalized format of original nondigital MR images. For all morphometric analysis, representative images of the MRI were exported to a compatible image file format (TIFF, JPEG, or PNG) and analyzed using the public domain ImageJ software (version 1.43, NIH; http://rsb.info. nih.gov/ij). From the digitalized images, the following craniometric parameters were evaluated and are summarized in Fig. 1 .
Linear and Planimetric Parameters
A number of linear and planimetric parameters were evaluated. The Evans index was defined as the maximal ventricular distance between both frontal horns at the level of the foramen of Monro divided by the maximum transverse inner diameter of the skull in the same CT scan slice. 15 The FM anteroposterior (AP) diameter, the greatest sagittal diameter of the FM, was measured as the basionopisthion distance rounded to the nearest millimeter on a sagittal midline T1-weighted MR image. Tonsillar herniation was measured in a manner similar to that used in other studies on a sagittal midline T1-weighted MR image. 4, 27 Briefly, a line connecting the basion and opisthion was drawn to define the plane of the FM. Tonsillar herniation was then quantified by extending a line perpendicular from the basion-opisthion line to the most caudal part of the tonsils (Fig. 1) . The tonsillar position above the FM was assigned a negative value.
Clivus length was the distance between the top of the dorsum sellae and the basion (in the same sagittal MRI slice in which tonsillar herniation was evaluated). The odontoid tip-Chamberlain's line distance was defined as the distance in millimeters from the tip of the odontoid above or below Chamberlain's line (the line drawn from the posterior hard palate to the tip of the opisthion) on the midsagittal midline T1-weighted MR image. Finally, the sagittal PF area was determined. As previously described by Urbizu et al., 42 the MRI midsagittal slice was used to calculate the area of the PF in the midline. A polygon was drawn with the following boundaries: the full length of the tentorium until its insertion in the occipital bone, a line following the inner cortical margin of the occipital bone from the insertion of the tentorium into the opisthion, the opisthion-basion line, the clivus from the basion to the dorsum sellae, and a final line extending from the latter point to the most anterosuperior part of the tentorium (Fig. 1) .
Angular Measurements
As previously described 43 and also shown in Fig. 1 , 3 angular measurements were obtained: the tentoriumoccipital bone angle, the basal angle, and Wackenheim's (or the clivus-canal) angle. The tentorium-occipital bone angle was measured as the angle formed by the tentorium and supraocciput. 9 The basal angle was defined as the angle formed by a line extending from the nasion to the top of the dorsum sellae; a second line was drawn from the dorsum sellae to the basion. 22 Wackenheim's angle, or the clivus-canal angle, was measured on a midsagittal T1-weighted MRI slice; it was defined as the angle formed by a line extending along the posterior surface of the clivus extended to the most superodorsal part of the dens and then downward to the most inferodorsal portion of the C-2 vertebral body (VB). 8 
Syringomyelia Measurements
In patients with syringomyelia, a number of measurements ( Fig. 1) were conducted. Extension of the syrinx was defined as the number of VBs between the superior and the inferior limit of the cavity. The maximum AP diameter of the syrinx at its widest level was measured on (6) is the angle formed by a line extending from the nasion to the top of the dorsum sellae and a second line from the dorsum sellae to the basion. The tentorium-occipital bone angle (7) is the angle formed by the line following the tentorium and the supraocciput. i: The sagittal PF area (8) is calculated in the MRI midsagittal slice as a polygon drawn with the following boundaries: the full length of the tentorium until its insertion in the occipital bone, a line following the inner cortical margin of the occipital bone from the insertion of the tentorium into the opisthion, the opisthion-basion line, the clivus from the basion to the dorsum sellae, and a final line extending from the latter point to the most anterosuperior part of the tentorium. J: Cervicodorsal syringomyelia (9) is the maximum AP diameter of the syrinx at its widest level. The spinal cord diameter (10) is the maximum AP diameter of the spinal cord at the same level in which the maximum diameter of the syrinx was measured. the midsagittal MRI slice. The spinal cord diameter was defined as the maximum AP diameter of the spinal cord at the same level in which the maximum AP diameter of the syrinx was measured. The syringo-cord ratio (SCR) was used in a previous paper 37 and is calculated by dividing (at the widest level of the syrinx) the maximum AP distance of the syrinx by the AP of the spinal cord at the same level. The SCR (%) = AP diameter of the syrinx/AP diameter of spinal cord × 100.
Definitions
Hydrocephalus was defined as an Evans index greater than 0.30, 15 and basilar invagination was defined according to the criteria of Batista et al., i.e., when the tip of the odontoid was at least 3 mm above Chamberlain's line.
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brainstem auditory evoked and somatosensory evoked potentials Methods described below have been described in detail elsewhere. 31 In summary, BAEPs and SSEPs in patients with CM-1 were recorded using a Nicolet Viking-IV EMG/EP unit (Nicolet) following the guidelines of the American Electroencephalographic Society, 1 the "Recommendations for the clinical use of somatosensory-evoked potentials," 14 and the "IFCN recommended standards for short latency somatosensory evoked potentials." 34 To obtain normative data, we used a second device, the Viking Select (Viasys Healthcare), acquired in 2010. The comparative study between EP values obtained in patients with CM-1 and those of the normal control group was conducted after demonstrating the reproducibility of both devices. 30 The normal range was established from 50 healthy volunteers who were age-, sex-, and height-matched controls (19 men and 31 women, mean age 40.2 ± 12.6 years, mean height 166.1 ± 8.3 cm), a cohort that was described elsewhere. 31 BAEPs were considered abnormal when any of the following criteria was met: 1) absence of wave I, III, and/or V; 2) when the latency of waves I, III, and V and/or interpeak latencies (IPLs) I-III, III-V, and I-V exceeded the upper range of normality (1.83 msec for wave I, 4.04 msec for wave III, 6.12 msec for wave V, 2.51 msec for I-III IPL, 2.35 msec for III-V IPL, and 4.62 msec for I-V IPL); 3) asymmetry between both ears: the interside latencies and IPL differences were considered asymmetrical when they were greater than 0.30 msec; 4) when the wave V or IV-V complex had a significantly smaller amplitude than wave I (V/I and IV/I amplitude ratio were both lower than 0.5), especially when accompanied by abnormalities in latency. To classify posterior tibial nerve (PTN) SSEPs as abnormal the following criteria were used: 1) absence of the N8, N22, N28, and/or P37 waves, whereas the isolated absence of waves N22 and/or N28 was not considered abnormal; 2) when N22-P37 IPL exceeded 21.13 msec; 3) when P37/N45 amplitude was lower than 0.580 µV; a mild decrease (< 10%) in amplitude as an isolated finding was considered normal; 4) interside asymmetry: N22-P37 IPL was considered asymmetrical when the interside difference was greater than 2.6 msec, whereas the interside amplitude difference was considered abnormal when the difference was greater than 50% for P37/N45 amplitude.
For median nerve (MN) SSEPs the abnormal criteria were: 1) absence of waves N9, N13, and/or N20; 2) when N13-N20 IPL exceeded the upper limit of 6.82 msec and/ or N9-N13 IPL exceeded the upper limit of 4.57 msec; 3) when N13 amplitude was lower than 1.2 µV and/or N20 amplitude was lower than 1.77 µV, but slight decreases (< 10%) in amplitude as a single finding was not considered pathological; 4) interside asymmetry: N9-N13 and N13-N20 IPLs were considered asymmetrical when interside differences were greater than 1.4 msec. Interside amplitude difference was considered pathological when the difference was greater than 50% for N9, N13, and N20 waves. When either PTN SSEPs or MN SSEPs were abnormal, SSEPs were considered as abnormal.
statistical analysis
Descriptive statistics were obtained for each variable. For continuous variables, summary statistics were the mean, median, range, and standard deviation. Percentages and sample sizes were used to summarize categorical variables. The Shapiro-Wilk test and inverse probability plot were used to test whether data followed a normal distribution. To correlate two continuous variables, the most conservative Kendall's tau (when data did not follow a normal distribution) or Pearson correlation test (for data following a normal distribution) was used. Statistical analyses were performed using R (version 3.2.0, R Foundation for Statistical Computing; http://www.R-project.org) and the integrated development environment R Studio (version 0.99.441, RStudio Inc.; http://www.rstudio.com).
We used multiple logistic regression to explore associations between 1 dichotomous outcome variable with multiple exposure continuous, ordinal, or categorical variables. The purpose of multiple logistic regression in this study was to isolate the relationship between the predictors and the outcome variable from the effects of covariates. We used two separate multiple logistic regression models, one to predict the covariates associated with abnormal BAEPs and a second to explore variables associated with an abnormal SSEP. In this model the BAEPs and SSEPs were assigned the dichotomic values 0 (normal) or 1 (abnormal). To conduct this analysis we applied the General Linear Model function in R (glm) by using the binomial family. The preselected input variables were introduced in the model according to the method suggested by Hosmer et al. 18 In brief, risk factors in a continuous scale for abnormal BAEPs and SSEPs were, in a first step, separately tested in a univariate logistic regression analysis. Categorical variables were tested for significance via a standard contingency table analysis of the outcome (y = 0, 1) versus the k levels of the independent variable. 18 Significance was tested with the Pearson chi-square test. Independent predictors for BAEPs were age and all morphometric and planimetric parameters except for Evans index and the syringomyelia measurements. For SSEPs, all the planimetric measurements except the Evans index were entered. All variables that were significant in the univariate analysis were then tested by forward multiple logistic regression analysis. For the univariate analysis we considered variables significant when p < 0.25. 18 Variables that were not statistically significant were eliminated and a new model was generated without them. In the variables of interest, the original coefficients, their statistical significance, the 95% confidence intervals, and the odds ratio (OR) were reported. A 2-tailed p value < 0.05 was considered statistically significant for the multiple logistic regression.
results
Of the 220 patients initially selected, 20 were excluded. The reasons for exclusion were the presence of a complex CVJ malformation (14 patients), congenital deafness (1 patient), severe diabetic neuropathy (1 patient), Guillain-Barré sequelae (1 patient), vestibular schwannoma (1 patient), cerebellopontine angle epidermoid cyst (1 patient), and brainstem dysgenesis (1 patient). The final cohort consisted of 200 patients: 58 men (29%) and 142 women (71%), with a mean age (± SD) of 41.9 ± 13.4 years (range 15-70 years). One hundred and four patients (52%) underwent PF surgery. All patients with CM-0/CM-1 were treated using an extraarachnoidal technique called "PF reconstruction" (PFR) first described by our group in 1994. 36, 37 In some patients with CM-1 and in most patients with CM-1.5, PFR was performed in association with an intraarachnoid exploration, limited coagulation and/or subpial resection of the tonsils, and exploration of the foramen of Magendie.
According to the described criteria, 14 patients (7.0%) were included in the CM-0 group, 137 (68.5%) in the CM-1 group, and 49 (24.5%) in the CM-1.5 group. A summary of the clinical findings and associated pathology is presented in Table 1 . No significant differences in age were found among the 3 groups. Syringomyelia was most frequent in CM-0 (64.3%) and CM-1 (51.1%) compared with CM-1.5 (34.7%; c 2 = 4.604, p = 0.03).
clinical symptoms and signs
Headaches were the main symptom in 70.5% of the patients, and headache that was exacerbated with Valsalva maneuvers was most frequent in patients with CM-1 and CM-1.5 compared with CM-0 (c 2 = 3.95, p = 0.031). Other common symptoms included dizziness, subjective sensory loss, anxiety and dysphagia (Table 1) . Neurological examination was abnormal in 54.5% of the patients, including those with CM-0. Most neurological abnormalities (thermalgesic disturbances, motor deficits, etc.), except for nystagmus and lower cranial nerves palsies, were related to the presence of syringomyelia.
neuroimaging studies
In the 96 patients with syringomyelia, the syrinx affected the cervical spinal cord in 91 cases (94.8%) and was limited to the dorsal spinal cord in only 5 patients (5.2%). The median SCR was 57.1% (range 12.5%-93.3%). The summary of the linear and planimetric parameters, angular measurements, and syringomyelia measurements are summarized in Table 2 . No significant differences between CM subtypes 0, 1, and 1.5 were found except for tonsillar herniation (ANOVA on ranks: H = 62.685, p < 0.001; Dunn's method: CM-1.5 vs CM-0, p < 0.05; CM-1.5 vs CM-1, p < 0.05; CM-1 vs CM-0, p < 0.05) and Wackenheim's angle (ANOVA: differences between CM-0 and CM-1.5, p = 0.004; between CM-1 and CM-1.5, p = 0.006, and CM-0 and CM-1, p = 0.05). The entire cohort presented significant differences in some morphometric measurements when compared with a control group of 50 patients who underwent brain MRI after presenting with a clinically isolated syndrome suggestive of multiple sclerosis that we published elsewhere. 42 In summary, our cohort presented radiological signs of an underdeveloped PF with a significantly shorter clivus length (mean 40.5 ± 4.4 vs 47.0 ± 3.3 mm in controls, p < 0.0001), reduced sagittal PF area (mean 31.9 ± 3.8 vs 37.8 ± 3.5 cm 2 in controls, p < 0.0001) and a more acute tentorium-occipital bone angle (mean 90.2 ± 9.2 vs 93.2 ± 7.1° in controls, p = 0.032). The AP diameter of the FM was similar in both CM patients and controls (mean 35.9 ± 3.1 vs 35.4 ± 3.0 mm in controls, p = 0.305).
evoked potentials
Eighty patients (40%) showed both normal BAEPs and SSEPs. Of the 120 patients with altered EPs, 44 patients (22%) showed abnormalities in both BAEPs and SSEPs, 43 patients (21.5%) showed normal BAEPs and abnormal SSEPs, and the remaining 33 patients (16.5%) abnormal BAEPs and normal SSEPs. In the Table 3 the differences in normal/abnormal findings in CM subtypes with and without syringomyelia are presented. As expected, normal BAEPs and abnormal SSEPs were more frequent in patients with syringomyelia (c 2 = 6.43, p = 0.011).
BAEPs
Of the whole cohort of 200 patients, 77 (38.5%) had BAEP abnormalities (Table 3) . Disturbances were predominantly observed at the retrocochlear level; the most common finding was prolongation of the I-V IPL and latency of the wave V (31.0%) without differences in IPLs I-III and/ or III-V (Fig. 2) . A cochlear auditory disturbance, defined by absence or prolonged latency of wave I, was found in only 7 patients (3.5%). Of the 46 patients in whom CM was discovered incidentally and were asymptomatic, 18 (39.1%) presented with abnormal BAEPs at a retrocochlear level. Of all the variables introduced in the logistic regression (age, sex, lower cranial nerve dysfunction, and all the described morphometric measurements) only age (OR 1.03, 95% CI 1.00-1.06), the degree of tonsillar herniation (OR 1.08, 95% CI 1.01-1.16), and lower cranial nerve dysfunction (OR 3.99, 95% CI 1.29-14.01) had a statistically significant influence in predicting abnormal BAEPs (Table 4) .
SSEPs
SSEPs were altered in 87 patients (43.5%). Abnormal PTN SSEPs were found in 37% of patients, and the most common finding was the prolongation of N22-P37 IPL (33.0%). Abnormal MN SSEPs were found in 22.5% of patients and the most common finding was the prolongation of N13-N20 IPL (13.0%). Certain patients also presented with an abnormal cervical potential, either N13 or N28, with an altered cortical potential. No patient showed alteration of the peripheral potentials. Seventeen patients showed simultaneous PTN SSEP and MN SSEP alterations. Of all the variables introduced in the logistic regression, only age (OR 1.07, 95% CI 1.04-1.10) and the degree of tonsillar herniation (OR 1.11, 95% CI 1.04-1.19) had a statistically significant influence in predicting abnormal SSEPs (Table 4) .
eps in asymptomatic patients
Asymptomatic patients or patients in whom CM-1 was discovered incidentally usually came to the Department of Neurosurgery of our hospital after being referred by other specialists after an incidental diagnosis in the study of other pathologies (headaches, whiplash injury, epilepsy, etc.) or after their diagnosis was made in the study of immediate family members of patients with CM. Of the 46 patients in whom CM was discovered incidentally and were asymptomatic, 23 (50%) had abnormal EPs: 9 (19.6%) presented abnormal both BAEPs and SSEPs, 5 (10.9%) normal BAEPs and abnormal SSEPs, and 9 (19.6%) abnormal BAEPs and normal SSEPs. No relevant differences in percentages between symptomatic and asymptomatic patient groups, or between groups with or without syringomyelia, were found (Fig. 3) .
discussion
In this study we present a large cohort of patients with classic CM-1 in which we systematically studied EPs. In addition, we included an analysis of the clinical symptoms and the neuroradiological findings observed in the dif- ferent subtypes of CM-1 subclassified by Tubbs et al. 39, 41 This new terminology, incorporated into the neurosurgical literature in the last decade, has not yet gained wide acceptance. However, the main advantage of this categorization is that it allows for better stratification of the different groups of patients traditionally included within classic CM-1. In our study, we used the 3-mm cutoff to define patients with CM-0 instead of the 5-mm cutoff proposed by Tubbs et al. 40 This criterion has also been used by other authors. 38 Our main reason for changing the cutoff was that the degree of tonsillar herniation is not related to the development of syringomyelia. In addition, classifying CM-1 in patients with at least 5 mm of tonsillar herniation and CM-0 in patients without any hindbrain herniation-as originally proposed-renders many patients with 2-5 mm tonsillar herniation unclassifiable. In our cohort, 42 patients presented with tonsillar herniation between 2 and 5 mm, and half of the patients presented a syrinx of variable extension. In the last published version of the classification proposed by Tubbs et al., CM-0 was redefined as patients who "…do not have caudal displacement of the cerebellar tonsils beyond a point that could be considered pathologic (< 5 mm)," 40 therefore assuming that a certain degree of tonsillar herniation should be accepted within the CM-0 category. What is a pathological or "significant" herniation is still a matter of debate and has been biased by the MRI literature and the methodology used to define the range of reference. However, it is important to note that the 3-5 mm threshold in a T1-weighted midsagittal MR image is an arbitrary threshold and that the 5 mm cutoff -the most frequently used-exceeds the 3 mm cutoff proposed initially by Barkovich et al. 4 In addition, the general acceptance that many patients with a crowded PF and no hindbrain herniation should be considered within the CM spectrum makes it reasonable to include "moderate" tonsillar herniation in the CM-1 category.
clinical symptoms in the cm subgroups
The associated pathologies and clinical findings found in our entire cohort did not significantly differ from what has been reported in the literature for classic CM-1.
26,28,29,39,41 CM-0 was found in 7.0% of our cohort. Our study supports the findings already described by other authors that patients with minimal tonsillar ectopia can present with severe neurological symptoms and associ- ated syringomyelia. 19 These patients were more frequently symptomatic because of motor weakness and sensory disturbance induced by the syringomyelia that was more frequent than in the other two groups.
With regard to symptoms, only Valsalva maneuver-induced headache was more frequent in patients with CM-1 and CM-1.5 compared with CM-0 (c 2 = 3.95, p = 0.031; Table 1 ), suggesting a possible relationship of this symptom with a greater degree of tonsillar descent. Dizziness and dysphagia, common symptoms in CM, were not significantly higher in patients with CM-1.5. Our findings are consistent with that of Tubbs et al. who concluded from their series of 22 children and young adults that no single sign or symptom was predominant in patients with CM-1.5. 41 In our cohort, syringomyelia was more frequent in patients with CM-0 and CM-1 than in those with CM-1.5. The increased finding of syringomyelia in patients with CM-0 may represent a bias toward more patients in this category being diagnosed because of more severe neurological symptoms related to the syrinx (Table 1) . We cannot explain why patients with more severe herniation of the hindbrain presented with fewer syrinxes than patients in the CM-1 group, a finding that was not observed in other series. 41 
neuroradiological and morphometric Findings
The entire cohort presented significant differences in some morphometric measurements compared with a control group that we published elsewhere. 42 In summary, our cohort presented radiological signs of an underdeveloped PF with a significant shorter clivus length, reduced sagittal PF area, and a more closed tentorium-occipital bone angle. These findings are in agreement with previous morphometric studies that have shown an undergrowth of the PF as the primary pathogenic factor both in adults and in pediatric patients with CM. 3, 28, 42, 44 These findings also support theories introduced by Marin-Padilla-reproduced experimentally in rodents-that stated that the reduced PF volume found in patients with CM was the consequence of a primary paraaxial mesodermal anomaly. 24, 25 When we analyzed the morphometric findings in our 3 subgroups, we did not find any finding that was significantly different except for tonsillar herniation. On average, patients with CM-1.5 presented with a much more significant degree of tonsillar ectopia than patients with CM-1. In part, this difference may be justified by the intrinsic bias introduced by the classification. However, the surrogate indices of a small PF (area on the sagittal MRI slice, clivus length, or the tentorium-occipital angle) were not significantly different among the groups, suggesting that the degree of PF hypoplasia was homogeneous across all groups, as previously noted by other authors. 26, 38 Our findings suggest that other unknown factors besides the degree of PF hypoplasia are determinants of hindbrain herniation.
Whether CM-0, CM-1, or CM-1.5 are different phenotypic expressions of the same malformation or just different stages of the same disease is still unknown and necessitates additional studies with longer follow-up durations. Recent studies have shown that CM-0 and CM-1 groups share similar clinical and radiological features, and most importantly, that both types of CM have been found in members within the same family. 26 This fact suggests that this disorder may share an underlying genetic disorder and that epigenetic factors may play an important role in the final phenotype. 26 Anecdotal reports with a long followup have revealed that CM-1 can evolve into more severe forms of hindbrain herniation. Kim et al. described a single case of an adolescent with an incidentally diagnosed CM-1 that showed progressive downward herniation of the tonsils and the obex and who developed syringomyelia over 9 years of follow-up. This study suggests the potentiality for progression from one CM category to another. 21 
ep Findings
To our knowledge, the first published report on EP findings in CM-1 was conducted by Anderson et al. in 1986. 2 Since then, only a few articles on the subject have been published. Most of these studies have been retrospective studies with a limited number of patients and diverse patient populations. The majority of these studies focused on SSEPs in patients with syringomyelia. 2, 20, 32, 35, 45 Restuccia and Mauguière 35 observed findings consistent with those reported by Anderson et al.; Restuccia and Mauguière described the most frequent disturbance as an alteration or absence of the cervical potential and an increased N13-N20 IPL. Median nerve SSEP cervical potential alterations in our cohort were not as frequent (6.5%) as those found in other studies, which is likely due to the fact that the study groups are not entirely comparable. Only 48% of our patients presented with syringomyelia, compared with 100% in the studies by Anderson et al. and Restuccia and Mauguiere. 2, 35 One hundred and twenty patients (60%) showed alterations in EP recordings with some differences in the percentages among the 3 subtypes (CM-0, CM-1, and CM-1.5) and between groups with and without syringomyelia (Table 3 ). Eight of the 14 patients with CM-0 had abnormal EPs; 2 patients without syringomyelia exhibited abnormal BAEPs and SSEPs simultaneously. One of these patients had typical symptoms and signs, but the second patient only presented with an occipitonuchal headache and a normal neurological examination. These BAEP and SSEP findings revealed an objective dysfunction in this patient, the severity of which could not have been deduced by her nonspecific complaints nor by the severity of her malformation. A larger percentage of patients with CM-1.5 presented with abnormal BAEPs even in patients with- out syringomyelia, but all of the patients were clinically symptomatic (Fig. 2) .
BAEPs evaluate auditory pathway functioning along the proximal intracranial portion of the auditory nerve and cochlear nucleus to the inferior colliculus of the midbrain. Forty percent of the patients in our cohort exhibited both normal BAEPs and SSEPs, highlighting the fact that on average 35.4% of the patients with syringomyelia had normal EPs (41.2% in the CM-1.5 group; Table 3 ). BAEPs were abnormal in 77 patients (38.5%). Excluding our preliminary report published elsewhere, 31 to our knowledge, only 1 other study with more than 20 patients has described the findings of BAEPs in patients with classic CM-1. 17 Henriques Filho and Pratesi reported that the most frequent abnormality found in BAEPs in classic CM-1 was on a cochlear or auditory peripheral level. 17 Our study did not confirm these findings. Although peripheral or cochlear disturbances were found in a few patients, the incidence of these disturbances was similar to the BAEP findings in the general population and thus was most likely unrelated to the malformation and could be attributed to age-related sensorineural hearing loss.
Of all the variables introduced in the logistic regression, only age, the degree of tonsillar herniation, and lower cranial nerve dysfunction had a statistically significant influence in predicting abnormal BAEPs (Table 4) . This finding can be easily explained by the fact that the more severe distortion of the brainstem structures induced more BAEP abnormalities and therefore, as expected, patients with lower cranial nerve dysfunction presented with a higher frequency of abnormal BAEPs.
SSEPs evaluate the dorsal column-medial lemniscus pathway including the spinal cord and brainstem levels. The lemniscal pathways are typically affected in patients with severe or advanced syringomyelia. Syringomyelia was most frequent in patients with CM-0 (64.3%) and CM-1 (51.1%) compared with those with CM-1.5 (34.7%; Table 1 ). In our series, consistent with other studies, most of the patients with a thermalgesic disturbance-the most frequent neurological finding in patients with syringomyelia-also exhibited altered SSEPs. 2, 35 Of all the variables introduced in the logistic regression model, only age and the degree of tonsillar herniation were statistically significant at predicting abnormal SSEPs (Table 4) . These findings indicate a greater probability of finding abnormal SSEPs in patients who are older and have a greater degree of tonsillar descent.
An important finding in our series was that in asymptomatic patients in whom CM had been discovered incidentally, 50% presented with at least 1 abnormal EP (Fig. 3) . BAEPs were abnormal in 39.1% of asymptomatic patients on a retrocochlear level. SSEPs were also abnormal in 30.4% patients in whom CM had been found incidentally. These findings clarify that EPs might be useful for informing the clinician and the patient about the existence of objective neurophysiological abnormalities. In this scenario, the progression of the disease would be highly probable, but because of the design of our study we could not infer that abnormalities in any EPs were predictive of a higher likelihood of disease progression. Only additional studies in cohorts of oligosymptomatic patients with long-term follow-up may be able to answer this clinical question. An example of how neurophysiological studies have changed surgical indications is the knowledge that sleep apnea/hypopnea syndromes are frequently detected in asymptomatic patients. CM in all of its forms may produce neuronal dysfunctions of the brainstem, cerebellum, cranial nerves, medulla, and upper spinal cord. The respiratory center and its afferent/efferent components are localized at the cervicomedullary junction and may also be altered by the disease. 10 The findings of a sleep apnea/hypopnea syndrome in cases in which CM has been incidentally found have dramatically changed the surgical indications at our institution. 16 conclusions In this study, 120 patients (60%) with CM showed alterations in their EP recordings. Of the 46 asymptomatic patients in whom CM had been discovered incidentally, 23 (50%) had abnormal EPs. Whether EPs are useful in the workup of CM needs to be put into a clinical context. In clearly symptomatic patients or in patients in whom syringomyelia induces severe symptoms (e.g., sensory loss and motor weakness) because of its size and location in the neuroaxis, our findings suggest that neither BAEPs nor SSEPs add any clinically relevant information, nor are they helpful in establishing which patients should undergo surgical treatment. Therefore, except for clinical research or very carefully selected patients in whom the progression of the disease needs to be confirmed, classic EPs do not need to be included in the routine workup of CM. One explanation for these findings is that BAEPs detect subclinical lesions that can occur in both symptomatic patients and patients in whom CM was incidentally found; these lesions are more related to the degree of tonsillar descent and to the severity of the CM malformation. In addition, SSEPs are more useful at defining the damage that the spinal cord has already suffered and therefore helping the clinician to evaluate the options of reversibility after surgery. SSEPs are also useful in the follow-up of patients for whom syringomyelic symptoms have apparently stabilized and who require follow-up to define further subclinical progression.
EPs clearly play an important role in clinically asymptomatic/oligosymptomatic patients. The management of asymptomatic patients with CM is an important medical problem, and this topic remains a source of debate. This situation persists because such patients are currently being diagnosed more frequently because of the widespread availability of MRI techniques. Additionally, the potentiality for progression of the disease at a young age pushes many clinicians to recommend early surgical treatment. Although data concerning the management and clinical progression of asymptomatic patients are still limited and further research with long-term follow-up are required, EPs could help in establishing objective evidence of subclinical dysfunctions that may indicate a need for surgical intervention. 
